Structural and functional magnetic resonance imaging (fMRI) has been used increasingly to investigate typical and atypical brain development. However, in contrast to studies in school-aged children and adults, MRI research in young pediatric age groups is less common. Practical and technical challenges occur when imaging infants and children, which presents clinicians and research teams with a unique set of problems. These include procedural difficulties (e.g., participant anxiety or movement restrictions), technical obstacles (e.g., availability of childappropriate equipment or pediatric MR head coils), and the challenge of choosing the most appropriate analysis methods for pediatric imaging data. Here, we summarize and review pediatric imaging and analysis tools and present neuroimaging protocols for young nonsedated children and
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Introduction
The advent of magnetic resonance imaging (MRI) has opened up new possibilities for studying human brain structure and function across the lifespan. An increase in the use of structural and functional MRI (fMRI) in infants and young children can further add to our understanding of brain development. For example, MRI research has revealed differences in brain structure and function in individuals with disabilities (e.g., dyslexia 1-3 ) compared with typical controls, and working with infants and young children may unveil the developmental trajectory of such disabilities. Neuroimaging young children additionally allows for the investigation of brain plasticity during this rapid developmental period and can potentially reveal how certain perceptual, procedural, and cognitive skills, such as music perception and musical skills, develop. 4 However, in contrast to studies in school-aged children and adults, MRI research in young pediatric age groups is less common. 5 Studies involving children under the age of 6 are particularly rare, given the practical and technical challenges involved (e.g., Refs. 5, 6) . Practical challenges of pediatric neuroimaging sessions include procedural difficulties (e.g., participants', anxiety or motivation, movement restriction, putting an infant to sleep in an unfamiliar environment, and parent's anxiety), technical obstacles (e.g., availability of child-appropriate equipment, masking and attenuation of scanner background noise [SBN]), as well as the challenge of choosing the most appropriate analysis methods (e.g., pediatric brain templates and adequate movement detection tools). In clinical populations, MRIs of infants and children are routinely obtained under sedation, 7-9 which eliminates a subset of these challenges. However, for ethical reasons, sedation is not an option for most developmental neuroimaging research. Furthermore, there is a strong push from clinicians and hospital administrators to reduce the overall need for sedation and anesthesia for cost containment and more importantly to prevent any potential negative sequelae, particularly in those receiving multiple MRI studies.
Several methods have been developed to improve an infant or child's compliance during neuroimaging sessions within the clinical (e.g., Refs. [10] [11] [12] or research setting (e.g., Refs. 13, 14) . General approaches for imaging young children include play therapy, 14 behavioral training [10] [11] [12] [15] [16] [17] and simulation, 18 the use of mock scanner areas, [13] [14] [15] [16] [17] [18] [19] basic relaxation, 20 and a combination of these techniques. 21 The most common practices for nonse-dated newborns and infants are the natural sleep technique [22] [23] [24] [25] and the feed and wrap procedure. 26, 27 Figures S1 and S2 provide a literature overview of published protocols, guidelines, and empirical research studies using pediatric neuroimaging protocols and their sample size and success rate. This paper summarizes successful methods for applying guidelines and recommendations on how to successfully perform neuroimaging studies in nonsedated infants and young children. Furthermore, strategies for overcoming experimental and analysis limitations and ethical implications of neuroimaging in pediatric populations are discussed.
General considerations
The age of a pediatric participant taking part in neuroimaging research should strongly influence the research protocol for pediatric imaging. Preschool-aged children may participate in structural and functional neuroimaging studies, in which the child is required to be awake and alert while performing a certain perceptual or cognitive task. Infants are usually enrolled in studies of brain structure or resting state fMRI, which are performed while the participants are asleep. fMRI techniques have been successfully applied in awake infants, but report a very high attrition rate. 28, 29 Although the focus in working with preschool-aged children or older mostly lies on the child itself, the caregiver-child interaction becomes just as important during infant neuroimaging. Overall, clear communication and a child-centered, age-appropriate approaches are the fundamental aspects of pediatric neuroimaging.
Terminology
When interacting with participating children and families, it is imperative to use positive, child-friendly terminology that can be easily understood. A session may get started with "Do you know what will happen today?" All equipment should be labeled in a child-appropriate way: for example, the MRI machine may be called "brain camera," the scanner noise "camera click," and the head coil "mirror holder." Phrases like "It is really loud but won't hurt you" or "Are you doing okay inside the machine?" should be avoided. Furthermore, careful communication with all family members present during the session is just as important, if not more important, than the communication with the participants themselves to avoid parental/caregiver anxiety, which in turn impacts the behavior of the young child or infant. This involves giving the parents a clear outline of the neuroimaging session, describing each step and tool involved, reviewing safety considerations, and clarifying the research team's goal. When imaging infants, potential stress may be avoided by telling parents upfront that it is not unusual for a child to fail to fall asleep on the first visit or to wake up before the protocol is completed. A website describing each protocol step, tool, and challenge can help with the preparation process for any age group.
Environment
Scheduling an initial introductory meeting before the first neuroimaging session can help diminish both parent and child anxiety by familiarizing them with the research team and setting. Photographs, and/or a brief video overview of an actual session (either via web pages or brochures) may be combined with a tour of the actual MRI area or the mock scanner environment. Research teams working with preschoolers and older children especially benefit from the use of a mock scanner environment before or on the day of testing. It enables the research team to demonstrate the actual imaging session and may include a mock scanner with a move-able scanner bed, head coil, response tools, mirror and video system, and integrated MR sounds. Some facilities even incorporate a feedback system as part of the mock scanner area, allowing for the observation of movement and appropriate feedback to train children to lie still (e.g., Refs. 10, 17). Most importantly, the mock scanner area provides a child-friendly, appropriate preview of the actual neuroimaging session, and permits the research team to adopt a playful approach to an otherwise strictly medical topic. In addition, research teams are encouraged to have child-appropriate toys, child-sized table and chairs, snacks and drinks, and to invite participants to bring family and friends to increase children's comfort and motivation. When imaging infants, the mock scanner area is used mainly to familiarize the parents with the scanner equipment and the MRI sounds. Mock preparation further offers an opportunity to develop a relationship between the infant and the researcher, and can be used to recreate individual napping/bedtime routines within the MRI environment.
Affective state
It is crucial to recognize feelings of anxiety, frustration, or boredom and address potential issues in a child-friendly manner because children are not always able to express emotions directly. Gauging parent comfort and the level of continued consent throughout the process is equally important, particularly during neuroimaging of infants. The parent's comfort level directly influences the infant's feelings of well-being and contentment, which is critical during the natural sleep technique. Given their expertise in child development and extensive experience with children/families in the hospital environment, a child life specialist (CLS) can be an integral part of the multidisciplinary pediatric neuroimaging team.
MRI equipment
Depending on the scope of the pediatric neuroimaging session, different MRI-compatible tools may be needed. This section highlights some examples of equipment involved during neuroimaging sessions with infants and children.
Response buttons-Response tools used during the neuroimaging session should be ageappropriate in size and shape. It is recommended to position them comfortably to diminish motion when the participant attempts to reach or play with them (e.g., placing child-friendly buttons an arm-length from the participant works well).
Audio system-The frequency of sounds emitted during MR image acquisition ranges from 0-9,000 Hz 30 at intensity levels up to 115 dB with 3 tesla. 30 When working with young children who are participating in an auditory research experiment, child-friendly ear buds and/or child-sized headphones can mask the majority of SBN while allowing for the presentation of auditory stimuli. When working with infants, the goal is to decrease SBN as much as possible to avoid sleep disruption or startle. The noise can be reduced by 20-30 dB with the use of foam earplugs or industrial-grade earmuffs. 31 In addition, music or the infant's favorite lullabies can be played to mask some of the variations in the scanner noise. A steady-state sound can be an aid to sleep; however, noise that abruptly changes in sound level or intensity in a nonprogressive manner is much more likely to result in arousal and waking.
Motion attenuation-A foam mattress to line the scanner bed reduces the amount and intensity of vibration, additionally increasing comfort. For sleeping infants, a foam helmet can help reduce bone conductance, which adds sound attenuation of about 6 dB, reduces vibration, and provides additional stability.
Video/video-goggle system-For imaging older children, a video system can be used to present experimental stimuli or movies during image acquisition. However, younger children may be frightened by a goggle system, so a traditional projector-screen combination may be used.
Experimental design and image acquisition
Pediatric imaging for research purposes presents many challenges during both image acquisition and data analysis. Challenges may begin long before the first image is taken, in fact as early as during the conception and design of the research.
Experimental design
Young children often have difficulties switching between two different task instructions; however, task switching is frequently required during a traditional block or event-related design in fMRI. Our experience has shown that, if possible, it is advisable to use a block design and to separate task conditions (e.g., experimental task and control task) into two separate runs to avoid confusion. Furthermore, the overall session length should be as short as possible and not be any longer than 90 min for a preschooler (which includes short 5-6 minute runs with breaks between each run and a total maximum of 30-40 min of actual scanning). In addition, the intense SBN, generated by the shifting of gradient coils during conventional continuous image acquisition, is one potential cause for child anxiety or discomfort. SBN affects auditory stimuli delivery, 32 leads to activation in auditory/language areas, 33, 34 leads to differences in attentional demands, 35 and also influences the default mode. 36 Inhibiting the SBN during a cognitive demanding task can be quite difficult for a young child and/or a clinical population, and this should be taken into account when comparing different age groups or clinical and nonclinical populations. One way to circumvent exposure to the SBN is to use interleaved data acquisition designs, such as sparse temporal sampling, 33, 34, 37 if time permits.
Image acquisition
There are many challenges during image acquisition and analysis of pediatric imaging data. These barriers are most prevalent in the first three years of life, but are also present in older children and may include challenges relating to design limitations (e.g., constrained session duration in children, leading to a decrease in statistical power; and difficulty in designing task-based fMRI for infants because MR studies are most successful when the infant is imaged asleep). Challenges may also include the presence of increased movement-related artifacts or differences based on distinct anatomy (e.g., difficulties in obtaining MR head coils that provide similar fit across age, differences in brain shape and size across age, differences in brain contrast, baseline diffusivity, baseline blood flow and regional regulation, the shape of the hemodynamic response function, or default mode of brain function across age).
Many research groups are currently working on finding solutions for these challenges. For example, many collaborative groups including ours combine approaches from industry and child-life professionals in the hospital setting and further work on optimizing techniques. In parallel, technical groups are developing prospective motion mitigated sequences, and MRI coils tailored to the head size of the subject are also under development. 38, 39 Development of novel pulse sequences that exploit high density-phased array coils to increase the speed of image acquisition have the potential to further increase success. Pediatric brain templates are becoming available to improve data analysis and to help account for age-related changes (e.g., Refs. 8, 40, 41) . Furthermore, several research labs have developed techniques to better align and normalize brains that differ in size and shape. For instance, surface-based registration has been shown to provide significantly better alignment across different age groups. 42 However, these templates do not allow capture of the full range of information available, and therefore multiple sites are working on "4D" atlases that provide information on maturation of substructures. 43 Overall, much is still unknown about the biological differences between the immature and mature brain that could influence data analysis. At each step along the way, the fundamental assumptions for any data analysis tool need to be questioned to be sure these assumptions still hold for the age of infant or child participant. As a result, a close collaboration between technical and developmental experts is needed as we continue to study these younger age groups.
Preparation and neuroimaging procedures for infants and children

Neuroimaging infants
Obtaining detailed information about the child's nap and feeding schedule is helpful in facilitating the preparation for an infant session and for deciding the best time to schedule the MRI. For some babies, and always in accordance with the parent's wishes, an earlier nap may be omitted so that the infant is sleepy upon arrival. Completing several interesting, but not too stimulating, tasks immediately before the scan can further fatigue the child. Parents are encouraged to bring anything that the infant may need for his or her bedtime routine (a familiar blanket, favorite toy, or lullaby music). Listening to a CD containing scanner background sounds (optionally overlaid with favorite lullabies) before the day of the neuroimaging session will prepare the infant for the upcoming procedure. Exposure to the scanner sounds should ideally be started at least a week before imaging. Encouraging frequent exposure to the sounds (e.g., during both awake and nap times) increases the habituation effect and may decrease startle responses during neuroimaging.
When scanning infants, replicating normal bedtime routines in the imaging suite, including bathing, feeding, dimming the lights, and playing soft lullaby music, has proven to be effective. 22 Offering a rocking chair, portacrib, bathtub, or blankets for swaddling may help parents to put the baby to sleep. Playing a CD of the MRI sequences in the room where the infant falls asleep provides a stable auditory environment throughout the process. To ease the transition between a nursery-type environment and the MRI suite, an alternative approach is to have the infant fall asleep inside the MRI suite using a MRI-compatible (inflatable) crib. Some caregivers may decide to perform their sleep routine (e.g., nursing, lullabies, etc.) inside the MRI suite or even on the MRI scanner bed. The caregiver should be allowed to try to put their child to sleep, as long as they are comfortable. The research team should leave them on their own if at all possible and not "hover." Reserving at least a two-hour time slot with the MRI allows for flexibility.
Once the infant has fallen asleep, earplugs, ear-muffs ("Minimuffs," Natus Medical Inc., San Carlos, CA), and a sound attenuation helmet can be placed on the infant. 24, 25 Earplugs should be placed after feeding, as having the ears blocked while nursing can make the infants uncomfortable. The infant can be slowly and gently lied on the prepared scanner bed, which should be ideally covered with a well-secured visco-elastic foam mattress. Laying a warm blanket on top of the mattress can alleviate the cool temperature in the MRI suite. The infant's head should then be positioned into the coil and the researcher can then carefully adjust the restraint straps in place to secure the infant and limit his or her movements. Once the infant has been snuggled into the space with a soft blanket and sleeps soundly, the scan can proceed.
Throughout the scan, the caregiver and a team member should stay in the imaging suite. If the infant begins to wake, MRI acquisition can be paused and an attempt made to soothe the infant back to sleep. If the infant cries or becomes distressed at any time during the scan, it is advisable to stop and immediately remove the baby from the scanner. Regardless of the success or failure of image acquisition, offering toys and onesies to infants are a nice token of appreciation and after a success, providing a CD with images of the infant brain to take home is an incentive for parents.
Neuroimaging young children
Presenting young children with a cognitive task to complete during functional imaging requires the adaptation of the tasks, instructions, and incentives used. A child-friendly theme can be useful in guiding a young child through the training and actual neuroimaging session. For example, an adventure story can motivate the child to finish all of the tasks requested. Short movies can be useful to lead into the session, engage the child, and reduce any initial anxiety. Additionally, virtual sticker charts can be used to provide feedback about the progress of the neuroimaging session and to motivate the child to complete as many sequences as possible (see also Ref. 44 ).
Children 4 years and older are best prepared for the fMRI session in a mock scanner area. The scope of the neuroimaging session can be explained to participants and families using applied examples and the material used during actual imaging (e.g., button boxes and headphones) can be revisited in a safe way. Once a general introduction to the MRI has been provided, the child can listen to instructions for the task and then practice while sitting on the mock scanner bed. After the child understands the task, the researcher can gradually add the use of headphones, present some prerecorded scanner sounds in the background, and have the child lie down in the mock scanner bed while simultaneously practicing the training task to replicate the actual MRI experience. If the child cannot distinguish between left and right, a response button may be labeled "monkey button" instead of "right button" and a toy animal can be placed on the appropriate side as a reminder.
One major challenge of working with young children during functional tasks is keeping movements to a minimum during image acquisition. It is advisable to discuss the impact of motion on the brain images with the child. A digital camera may be used to demonstrate the impact of movement on image quality. Print-outs of sharp and blurry pictures (e.g., of animals) or playing games, such as the game of "freeze" (challenge the child to stay still as long as possible), can be used for illustration purposes. It is best to remind the child not to speak during image acquisition because this can cause reduced task performance and data quality. Another helpful strategy is to train the child that a gentle hand press on their leg indicates there is too much movement. A member of the research team should stay in the MRI room throughout the session with the child and should implement the "hand on leg" procedure if the child demonstrates significant movement, which serves as a means of communication between the research team and the child during the experiment.
If a mock scanner is not available, game strategies such as employing play therapy techniques 45 are a recommended alternative. Providing pictures or videos of an MR scanner effectively depicts the MRI experience, 10 and desensitization to the procedure by this exposure and operant training techniques help to reduce anxiety in children. 12, 17 Researchers should keep in mind that the transition from mock training to the actual MR also brings changes to the environment (fewer toys, more medical personnel and supplies, change in temperature, etc). Thus, it is important to be attentive to the child's reaction upon entering the room and respond accordingly. Allowing the parent to accompany the child and offering comfort items may effectively smooth the transition. If a child displays resistance to any aspect of the MRI experiment, address the concerns immediately and carefully. Offering breaks during the neuroimaging session can be helpful. The researcher should take all the time necessary to make the child comfortable with the MR environment. Upon completion of image acquisition, offering incentives and a CD with images of the brain to the child is a nice reward for participation.
Ethical implication and conclusion
Here, we provide applied guidelines and recommendations on how to successfully perform neuroimaging studies on nonsedated infants and young children. These techniques have proven to be successful in a large group of infants and young children across several research sites (see Fig. S3 ). It is important to keep in mind that along with the advent of more accessible (pediatric) neuroimaging, ethical challenges have also arisen. Although these issues have emerged and have been discussed in detail in regard to adult neuroimaging, such ethical issues are not only present when considering pediatric neuroimaging, but also may even be magnified. 46, 47 However, the anticipated benefits of using pediatric fMRI in nonclinical populations are considerable and may have far-reaching advantages including application to classroom settings. 47 Nevertheless, researchers should carefully consider what method is most appropriate for their experimental question and participant age range. Thomason has highlighted the positive experiences of pediatric research participants, but such data are not available yet for younger children. 48 Furthermore, Connors and Singh strongly emphasize that neuroimaging data are often misinterpreted by the general public and that there are a series of subtle ways in which neuroimaging data are and will affect children's lives such as the shaping of national health, strategies for criminal risk assessment, and educational practice and its overall implication for policy, education, and family life. 49 It is also important to keep ethical considerations in mind and to frequently reevaulate advances in the field of pediatric imaging in terms of its ethical implications. This will help improve existing imaging protocols and guidelines and will also facilitate development of new technological advances that will improve comfort for the children scanned and enhance data quality.
